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a  b  s  t  r  a  c  t
We  studied  soil  decomposition  in a Panicum  hemitomon  (Schultes)-dominated  freshwater  marsh  located
in southeastern  Louisiana  that  was  unambiguously  changed  by secondarily-treated  municipal  wastewa-
ter  effluent.  We  used  four  approaches  to evaluate  how  belowground  biomass  decomposition  rates  vary
under different  nutrient  regimes  in this  marsh.  The  results  of  laboratory  experiments  demonstrated  how
nutrient enrichment  enhanced  the  loss  of soil or plant  organic  matter  by  50%,  and  increased  gas  pro-
duction.  An experiment  demonstrated  that  nitrogen,  not  phosphorus,  limited  decomposition.  Cellulose
decomposition  at the  field  site was higher  in  the flowfield  of  the  introduced  secondarily  treated  sewage
water,  and  the  quality  of  the substrate  (%  N or % P) was  directly  related  to the  decomposition  rates.
We  therefore  rejected  the  null  hypothesis  that  nutrient  enrichment  had no  effect  on  the  decomposition
rates  of these  organic  soils.  In response  to nutrient  enrichment,  plants  respond  through  biomechanical
or  structural  adaptations  that alter the  labile  characteristics  of  plant  tissue.  These  adaptations  eventu-
ally  change  litter  type  and  quality  (where  the marsh  survives)  as  the  %  N  content  of  plant  tissue  rises
and  is  followed  by  even  higher  decomposition  rates  of the  litter  produced,  creating  a positive  feedback
loop.  Marsh  fragmentation  will  increase  as  a  result.  The  assumptions  and  conditions  underlying  the  use
of unconstrained  wastewater  flow  within  natural  wetlands,  rather  than  controlled  treatment  within  the
confines  of constructed  wetlands,  are  revealed  in  the  loss  of previously  sequestered  carbon,  habitat,  public
use,  and  other  societal  benefits.
©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Plants evolved in a mixed field of opportunities and constraints
that gave rise to a nuanced plasticity of form and function. Those
features of plants may  be seen in the evolving nature of the Anthro-
pocene that is characterized, in part, by large increases in reactive
nitrogen (Galloway and Cowling, 2002). Nutrient enrichment,
whether from atmospheric deposition, river diversions, sewage,
runoff of agricultural fields, or leakage from urban systems, creates
new extrinsic conditions that the plant and ecosystem respond to.
Compared to low nutrient conditions, for example, plant commu-
∗ Corresponding author. Fax: + 1 225 578 6326.
E-mail address: euturne@lsu.edu (R.E. Turner).
1 Present address: South Carolina Department of Natural Resources, P.O. Box
12559, Charleston, SC 29422-2559, USA.
nities undergoing nutrient enrichment tend to have faster growth
rates, weakened cellular structure, expanded aerenchyma, allocate
less biomass to roots, have higher nutrient concentrations in their
biomass, and have leaky nutrient cycling, while carbon storage in
the individual plant is higher (Aerts and Chapin, 2000; Poorter and
Nagel, 2000). Vascular terrestrial plant decomposition is almost
always faster with nutrient enrichment at levels that are commonly
found today (Webster and Benfield, 1986; Enriquéz et al., 1993;
Kominoski et al., 2015; Rosemond et al., 2015).
Individual wetland plant communities seem to share many of
these traits, and relatively higher degradation of wetland plant or
soil organic matter with nutrient enrichment is well known (Harris
et al., 1962; Bridgham and Richardson, 1992; Eggelsmann, 1990;
Güsewell, 2005; Güsewell and Verhoeven, 2006; Rejmáková and
Houdková, 2006; Li et al., 2012). Decomposition rates are directly
related to substrate quality (Godshalk and Wetzel, 1978; Chimney
and Pietro, 2006). Nutrient enrichment often results in higher con-
http://dx.doi.org/10.1016/j.aquabot.2015.08.001
0304-3770/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
0/).
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centrations of nutrients in plant tissues (e.g., Rejmáková et al., 2008)
and lower carbon sequestration in the soil (Mack et al., 2004; Bubier
et al., 2010; Larmola et al., 2013).
Thus the broad outline is that the nutrient enrichment at
the community and individual species level may  lead to more
aboveground biomass, a higher % N or % P in tissues above-
and belowground, higher quality litter, perhaps less belowground
biomass, increased tissue decomposition rates, and leaky nutrient
cycles (i.e., lower re-sorption efficiencies). The response of wetland
plants communities and coinciding litter quality to nutrient enrich-
ment, therefore, can have far-reaching consequences to nutrient
cycling, carbon storage, habitat quality, etc. The cumulative effects
of nutrient enrichment on salt marshes can even culminate in their
destabilization (Swarzenski et al., 2008; Turner, 2011; Kearney
et al., 2011; Deegan et al., 2012) and an increase in NOx release
(Moseman-Valtierra et al., 2011).
Testing assumptions of carbon assimilation or release dur-
ing transition from low to high nutrient enrichment of wetland
ecosystems can better inform policy options for sustainable out-
comes for management if details at the on-the-ground level study
are included—not only for generic plant communities, but also
(and especially) when focused on dominant species. This study
attempted to address these questions by investigating soil decom-
position in a Panicum hemitomon (Schultes)-dominated freshwater
wetland unambiguously compromised when sewage effluent was
introduced to the area in November 2006. The results may  inform
discussions about habitat loss, carbon sequestration, public use,
and potential consequences of increased nutrient loading to natural
wetlands.
2. Materials and methods
2.1. Panicum hemitomon freshwater marshes
P. hemitomon (maidencane) is a clonal C3 grass found in areas
with low wave energy and negligible soil content (Sasser et al.,
1995). In the 1970s this plant community covered about 26% of the
freshwater marsh area in coastal Louisiana (Chabreck, 1972), equal
to about 807 km2. The area of P. hemitomon-dominated communi-
ties decreased from 44% to 18% in the Barataria estuarine watershed
from 1968 to 1990, and from 67% to 19% in the Terrebonne estuarine
watershed for undetermined causes (Visser et al., 1996, 1999).
P. hemitomon forms an extensive assemblage of roots and rhi-
zomes that may  be part of an attached or floating vegetative mat.
There is concern that the anchored P. hemitomon mat  converts to a
detached thick- and then thin-floating mat  if sediment (Mayence
and Hester, 2010) or nutrient loading increases (Swarzenski et al.,
2008; Mayence and Hester, 2010). It is unlikely that increased inun-
dation is the primary cause of these changes because aerenchyma
development, root elongation and root volume increase are com-
mon  responses in wetland plants (Reddy and Delaune, 2008), and
for this plant specifically (Willis and Hester, 2004; Mayence and
Hester, 2010). Greenhouse experiments, for example, document
how flooding is required for vigorous root and rhizome production
in P. hemitomon (Mayence and Hester, 2010). The results from these
same greenhouse experiments also suggest that the % N and % P
in plant tissue increases with higher nutrient loading, which, how-
ever, also leads to insignificant or negative effects on root diameter,
specific gravity or volume after 3 months (Mayence and Hester,
2010).
2.2. Study area
We  sampled marshes located 11 km south of Hammond, LA,
and 60 km north-northwest of New Orleans, LA (Fig. 1). They are
at the seaward edge of a Pleistocene terrace and overlie the min-
eral remnants of a former embayment of the Gulf of Mexico that
was created by various east and west movements of the main
channel of the Mississippi river over 8000 years. The regional vege-
tation is a cypress-tupelo swamp  canopy (Taxodium distichum and
Nyssa aquatica), and surrounding pockets of marshes dominated
by P. hemitomon with Sagittaria lancifolia (broadleaf arrowhead).
Water levels can rise to >1 m above the marsh during hurricanes.
The organic layer of the undisturbed emergent marsh is 50–150 cm
thick and is anchored to the bottom, i.e., it is not a floating marsh.
The age of the basal peat is about 1200 yBP (Turner, unpublished).
The City of Hammond’s south sewage treatment plant
discharges secondarily treated municipal wastewater effluent
(hereafter called ‘wastewater effluent’ or ‘effluent’) into what was
(before 2006) a P. hemitomon-dominated marsh located 5 km to
the south. The receiving marsh is bordered to the south by the
10,521 ha Joyce Wildlife Management Area (JWMA) and to the west
by an interstate highway and a railroad/levee (Fig. 1A). The efflu-
ent is discharged and distributed along the northern edge from a
1.2 km overhead trunk line fitted with 900 uniformly distributed
manually controlled outlets along its entire length (Fig. 1B and
G). The fully-implemented wastewater effluent discharge program
began in November 2006, and went into a 53 ha portion of the
former marsh presently owned by the City of Hammond. Monitor-
ing reports from 2006 to 2008 estimate that the average discharge
into the area was  14,498 m3 d−1, and that the average total nitro-
gen (TN) and total phosphorous (TP) concentrations were 16.90
and 3.23 mg  L−1, respectively. The reference marshes to the north
of the discharge area are isolated from the wastewater effluent by
the spoil banks built by dredging the South Slough (∼1955), a levee
road beneath the delivery pipe (Fig. 1A). South Slough parallels the
road and drains east-to-west. Additional reference marshes that
are isolated from the wastewater effluent discharge are located to
the west, south, and east (Fig. 1A).
The marsh was  uniformly covered with vegetation and had no
open water areas before wastewater effluent was  introduced to the
marsh (Fig. 1A). The area of the marsh closest to the wastewater
effluent entry points began converting to open ponds and mud flats
within the first year after receiving this effluent. The open pond and
mud  flats subsequently expanded outside the City of Hammond
property and into the JWMA  to cover about 150 ha by 2010 and
reaching the southern edge of the marsh (Fig. 1B–G). This newly
disturbed area quickly became colonized by floating aquatics and
shallow rooted annuals (Fig. 1C–F). There were five notable plants
whose distribution or cover changed dramatically:
a Remnant patches of S. lancifolia expanded in the area and grew to
an exaggerated size during 2007 and then gradually diminished
and have been supplanted to a large extent by the more dominant
floating and annual species.
b Zizaniopsis miliacea (giant cutgrass) and Typha domingensis (cat-
tail) are found in patches within the degraded area.
c Ludwigia leptocarpa (willow primrose), an invasive annual, grows
hardily on the floating mud  flats in the wastewater effluent area
during summer and early fall, but does not compete well in with
well-established perennials. The L. leptocarpa in the areas receiv-
ing wastewater effluent are often found on their side with the
roots exposed at the end of summer (i.e., they are lodged).
d Hydrocotyle ranunculoides (marsh pennywort) is the dominant
early spring floating aquatic in the open water of the former
marsh. This succulent plant covers what we estimate to be about
one-third of the impacted area each spring, but dies back during
the summer.
e Salvinia molesta (giant salvinia) is an invasive floating annual that
grows rapidly during summer in the open waters of the waste-
water effluent area and covers about one-third of the plant cover
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Fig. 1. Photos of the sampling location near Hammond, Louisiana, before and after the partially treated sewage was  introduced to the Joyce Wildlife Management Area. A.
1  November 2006. The white arrows point to reference marshes. The marsh is light green and the forest is dark green in this photo. B. 29 November 2011. The location of
the  sewage treatment facility is north of the discharge pipe that distributes the partially treated water into the former marsh that is open water (black) and floating algae
(bright  green). C–E. 29 November 2011. A sequence of close-ups of one spot in Fig. 1B, showing the floating algae where there was marsh in 2006 (Fig. 1A). F. An aerial view
of  the site on 27 February 2011. G. 22 December 2008. A photo looking north towards the black pipe (left to right) that distributes the partially treated sewage water from
outlets  along its length. The blue plastic cylinders are around planted cypress trees that are dead. The red dots in (Fig. 1A–C and F) and the white dots in Fig. 1C–E are at
approximately the same location for C and D, and for D and E. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this  article.)
in late summer. One of the noticeable characteristics of this small
plant is its spongy and velcro-like tissue that has a large surface
area. This plant quickly dies back in the fall.
2.3. Experiments
2.3.1. General purpose of four experiments
We applied four experimental tests to evaluate how plant
biomass decomposition rates vary under different nutrient
regimes.
a The first experiment examined soil organic matter decomposi-
tion using either water from reference marshes or from marshes
receiving wastewater effluent. The percent weight of organic
matter lost was the metric of change.
b The second experiment examined gas production in relation to
substrate quality (% N and % P) and origin (plant material) in
relation to water collected from either the effluent-treated sites
or from the reference sites. Five different plant sources were
exposed to distilled water, water from the reference marsh, or
water from where the wastewater effluent entered the marsh.
The metric of change in this experiment was  gas volume pro-
duced.
c The third experiment incubated the organic mat  from a P. hemit-
omon marsh with various amounts of nitrate, phosphate or
nitrate + phosphate added to water collected from the site with-
out nutrient enrichment. The gas volume produced was the
metric of decomposition.
d The fourth experiment examined cellulose decomposition in
relation to distance from the effluent discharge location com-
pared to decomposition at a reference site. We  used cotton string
as the substrate and the metric of change was  the breaking
strength of the cotton fiber.
2.3.2. Experiment 1: soil organic matter loss under aerobic and
anaerobic laboratory conditions
We  used an experimental design similar to the peat min-
eralization experiments conducted by Qualls and Richardson
(2008) to focus on the loss of soil organic material under different
nutrient conditions. We  collected water and soil from the ref-
erence marsh (Fig. 1A) in the spring of 2009. All water and soil
were refrigerated at 4 ◦C until the incubations began within one
week. The concentrations of dissolved nitrate+nitrite, ammonium,
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and ortho-phosphate were measured with a Lachat autoana-
lyzer using USEPA-approved methods. Water was collected from
the wastewater effluent pipes discharging into the nutrient-
enriched marsh (nitrate + nitrite = 173 M;  PO43− = 328 M;
ammonium = 2164 M),  and from surface water in the refer-
ence marsh (nitrate + nitrite = 2.9 M;  ortho-phosphate = 1.0 M;
ammonium = 2.1 M).
Fresh, wet soil was used for the analysis. The sample was  homog-
enized by hand and sieved to remove particles (including roots)
larger than 2 mm.  The samples were weighed in the laboratory,
dried at 85 ◦C for ∼72 h, and re-weighed to determine the percent
dry weight. We  measured soil organic content using the loss-on-
ignition (LOI) method (Ball, 1964; Craft et al., 1991). Dried and
ground subsamples were weighed, burned at 450 ◦C for 8 h, and
reweighed. The soil used for analysis was 87% water by weight, and
dried soil was 42% organic material.
We used 50 ml  centrifuge tubes fitted with sterile self-sealing
rubber inserts from vacuum blood tubes to do the experiment.
These rubber inserts allowed air or nitrogen to be added, which
was done in an attempt to maintain either aerobic or anaerobic
conditions. Forty-eight tubes were filled with 7.3 g of wetland plant
material (∼1 g dry wt.). Half of the tubes (24) had 30 ml  of either
reference water or effluent water added. These tubes were further
divided into those bubbled with either air (aerobic) or nitrogen
(anaerobic) for ten minutes twice per week. Each tube was  were
agitated daily using a vortex mixer. The tubes were incubated at
35 ◦C to maximize the decomposition rates anticipated during the
summer temperatures. Replacement water lost to evaporation was
replaced weekly.
Three replicates from each treatment were destructively sam-
pled at 5, 7, 9, and 11 weeks. The tubes were centrifuged at
3000 rpm to remove water for analysis. One sample for the aer-
obic treatment with reference water was lost due to spillage at the
nine week interval. The remaining soil was dried at 60 ◦C and ashed
at 550 ◦C for one hour. The difference between dry weight and ash
weight was used to determine % organic material remaining.
These data were analyzed in a full-factorial ANOVA (PROC
MIXED, SAS 9.1 software; SAS Institute Inc., Cary, NC) to test for
differences among aerobic treatment levels and water quality treat-
ment levels with and without ‘week’ as a variable. A two-sample
t-test was used to test for differences between the soil organic mat-
ter remaining for samples incubated with the wastewater effluent
treatment or with water from the reference site.
2.3.3. Experiment 2: gas volume produced with different
substrates and water quality
We  collected five different substrates and incubated them in a
container filled with either distilled water, reference site surface
water, or wastewater effluent water. The effluent water came from
either 60 or 200 m away from the discharge pipe. The volume of
gas produced was the metric of decomposition.
The five different plant substrates used in three different exper-
iments were:
a H. ranunculoides:  whole plants (roots, stems, leaves and rhi-
zomes) were collected in bulk from the wastewater effluent site,
washed with groundwater, and drained five times in 265 L fiber-
glass vats. The washed material was air dried, crushed and mixed
to a homogeneous mixture.
b P. hemitomon soil: live roots and rhizomes were collected in bulk
as soil plugs from the reference site after removing the shoots at
the soil–water interface. The soil plugs were then washed numer-
ous times until the wash water remained clear. The roots and
rhizomes were separated from any non-attached or extraneous
material. This material was  also used for the experiment compar-
ing the effects of nitrate and phosphate on gas production.
c T. distichum:  dry needles were collected beneath cypress trees
that had shed their needles onto a concrete surface. Any extra-
neous material was removed by hand. The stems were separated
from the needles using a No. 16 sieve (1.18 mm).
d S. lancifolia: tubers were dug up in bulk from the reference marsh
and separated from the remaining portions of the plant. They
were then washed, diced and mixed into homogeneous samples,
and air-dried.
e Marsh organics: buried P. hemotomon marsh material (mat) at
30–50 cm beneath the sediment–water interface was  taken from
the open water parts of the wastewater effluent receiving area.
Samples were washed and drained until the vat water remained
clear. The samples were then air-dried.
Thirty-three (33) g of dried plant biomass was placed in 3.8 L
incubation chambers. The chambers were filled with incubation
water that was either only distilled water (DW), only water from
the marsh receiving wastewater effluent, or only water from the
reference marsh. Gas production generated within the incubation
chamber displaced water up the vertical tube that was loosely
embedded in the substrate. A relief valve was  periodically opened
to drain the water out of the tube, after which replacement water
was added. Gas was extracted from a side-wall port. The incubation
chamber was  covered with aluminum foil to reduce light exposure.
The incubation temperature was  between 22 and 25 ◦C.
Gas production from the incubation water is not considered
a significant source of the evolved gas in Experiments 2 and 3
because we measured no gas production over the last two years
in chambers with and without the substrate, using the same
chambers, the same substrate, and the same water. There was
no gas production in the flasks without the substrate. Plant tis-
sues were sent to the Soil testing and Plant Analysis Laboratory,
School of Plant, Environmental and Soil, Louisiana State Uni-
versity for analysis (http://www.lsuagcenter.com/en/our offices/
departments/SPESS/ServiceLabs/#1).
2.3.4. Experiment 3: Gas volume produced with marsh substrate
amended with nitrate, phosphate, or nitrate ± phosphate
We  used the same experimental incubation chambers and
marsh mat  substrate (P. hemitomon) used in Experiment 2 to test
for differences in decomposition rate with water from the nutri-
ent reference marsh, or reference marsh water supplemented with
selected amounts of nitrate and phosphate. There were four sets
of triplicate treatments conditions: (1) no addition, (2) +N, (3) +P,
and (4) +N+P. The +N and the +P treatments were achieved with an
addition of inorganic nitrate (as potassium nitrate) or phosphate
(as potassium phosphate) sufficient to raise the concentrations in
the bottle to 357 and 22.3 M nitrate or phosphate, respectively,
equivalent to a N:P molar ratio of 16:1. The initial concentration
of nitrate and phosphate in the treatment chambers was  357 and
22.3 M,  respectively. These concentrations are similar to the typ-
ical concentration in the marsh near the discharge pipes.
2.3.5. Experiment 4: cotton string decomposition
We measured the loss of the tensile strength of cotton strings
buried in marsh soil as a surrogate estimate of relative soil decom-
position in May, June and August 2010. Briefly, six pieces of a
40–120 cm long length of #10 cotton string was attached to a PVC
rod along its axis, and the rod was  inserted into the marsh soil and
retrieved 30–32 days after insertion. The same coil of string was
used for all experiments. The disturbed control string was  attached
to a 1 m-long pole inserted into the soil and removed within 30 min
and its tensile strength measured as for the other strings. Each
string was  removed and washed gently with distilled water, cut
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into 10 cm intervals and air dried for 24 h. The tensile strength of
each piece was measured with a Mecmesin Multi-Test 1-D dig-
ital Motorized Test Standard and a Basic Force Gage equipped
with spring loaded roller grips. Measurements were made at room
temperature. The mean kPa ± 1 SE for the disturbed control for
0–40 cm depth was not different for the three field experiments
(12.24 ± 0.15, 10.02 ± 0.42, and 11.32 ± 0.89 for May, June/July, and
August, respectively). The % daily tensile strength loss ( ± 1 SE) of
the string at each depth was corrected for the value of the disturbed
control set of strings.
Two sets of observations were made. One set compared the ten-
sile strength of string inserted vertically into the wetland receiving
wastewater effluent to that of string inserted in the reference area
north of the sewage pipe that was not exposed to the wastewa-
ter effluent. Three poles were put in each area in May, June and
August 2010 and retrieved after 30, 30, and 32 days, respectively.
The second set of observations consisted of three replicates, each
with four strings per pole. These poles were placed at nine differ-
ent locations near the outflow pipe on 7 August 2010, and retrieved
4 September 2010. The % day−1 loss in tensile strength was calcu-
lated for each location as the difference in the average value (for the
upper 70 cm)  between the tensile strength of the string left in situ
in the reference marsh (corrected to include the disturbed control
values). Each pole location was determined using a handheld geo-
located satellite positioning system (GPS) with a nominal precision
of ±3 m.  The shortest distance from the pole location to the spoil
bank that held the pipe distributing the partially treated sewage
water was calculated using these GPS locations.
2.3.6. Statistical analyses
The results are presented as means ± 1 standard error (SE; n = 3).
The cumulative mean gas volume (ml) released over the exper-
iment were analyzed with a Tukey–Kramer test, which includes
the extension by Kramer to allow for unequal sample sizes. It was
used to simultaneously determine differences in the means among
treatments (GraphPad Software, Inc., Prism Ver. 6.0c).
3. RESULTS
3.1. Experiment 1: soil organic matter loss under aerobic and
anaerobic laboratory conditions
The soil organic matter remaining was lower in samples with
wastewater effluent at all times after five weeks (5 weeks: p = 0.06;
7, 9, 11 weeks: p < 0.0001); Fig. 2. There was no significant difference
in the loss of organic matter between the aerobic and anaerobic
bubbling at any time period (p = 0.37, F = 0.82). The % loss after 5
weeks was 52% higher in the samples incubated with water from
the marsh receiving wastewater effluent, compared to the sam-
ples incubated with water from the reference marsh. At the end of
the experiment (11 weeks) the samples with the nutrient enrich-
ment from sewage lost 14.7% ± 0.4% as compared to the unenriched
samples which lost 9.6% ± 0.3. The observed decomposition rates
accelerated from 0 to 9 weeks, were highest between 7 and 9
weeks, and appeared to stabilize at 11 weeks. Whether this sta-
bilization would have continued is uncertain because sampling did
not proceed after 11 weeks. A factorial analysis revealed significant
effects of nutrient treatments (p < 0.0001, F = 164.4), sampling week
(p < 0.0001, F = 206.9), and a nutrient × week interaction (p = 0.0085,
F = 4.65).
A follow-up investigation to measure redox status indicated
that the Eh value was between 21 and 112 mV for all treatments
after three days, and that the average difference between “aero-
bic” and “anaerobic” treatments was 23 mV.  We  conclude that the
sediments remained anoxic during the experiment.
Fig. 2. The percent soil organic matter loss in the laboratory incubations of marsh
soil  with water water from the reference marsh (circles) or receiving partially treated
sewage water (squares). There were no differences in the treatments receiving bub-
bled air (opened circles or squares) or bubbled nitrogen (closed circles or squares).
The  error term (±1 SE) is obscured by the symbols. The differences in the percent
soil organic matter loss between samples incubated with water from the refer-
ence marsh or water from the effluent-treated marsh were significant on all dates
(p  < 0.01; a two-sample t-test was used to test for differences).
Table 1
The percent nitrogen and phosphorus (dry weight basis) of the substrates used in
experiment #2.
N:P
% N % P Atomic ratio
Panicum hemitomon mat  1.20 0.04 60.11
Panicum hemitomon roots + rhizomes 2.38 0.23 22.61
Sagittaria lancifolia tubers 1.03 0.13 17.45
Hydrocotyle ranunculoides 4.88 0.99 10.87
Taxodium distichum needles 3.27 0.81 8.94
3.2. Experiment 2: gas volume produced with different substrates
and water quality
The percent nitrogen and phosphorus (%N and %P, respectively;
dry weight basis) of the substrates used in the incubation exper-
iment #2 is in Table 1. The range of % N and % P was 1.03–4.88,
and 0.04–0.99, respectively. The S. lancifolia tubers and the H.
ranunculoides plants had the lowest and the highest %N content,
respectively. The P. hemitomon mat  and the H. ranunculoides plants
had the lowest and highest %P content, respectively. The T. dis-
tichum needles had the lowest N:P ratio, and the P. hemitomon mat
had the highest N:P ratio.
The experiment was run for 26 days and the results are shown
in Fig. 3 and include a schematic of the experimental chamber used.
Gas production in the chambers filled with distilled water was
always lower than in chambers filled with water from the reference
marsh, which was always lower than in chambers filled with water
from the marsh receiving wastewater effluent. The highest rates
of gas production after 26 days were in the chambers filled with
wastewater effluent and either P. hemotomon plants or T. distichum
needles (>1200 ml). Gas production in chambers filled with water
from the reference marsh and either S. lancifola tubers or whole
H. ranunculoides plants had intermediate amounts of gas produced
after 26 days. At the end of the experiment, the % increased gas
production in chambers filled with the wastewater effluent com-
pared to gas production in chambers with water from the reference
marsh ranged from 12% (P. hemitomon mat) to 83% (T. taxodium
needles), with an average of +34%. In general, the P. hemitomon mat
had lower rates of gas production than the S. lancifolia tubers or P.
hemitomon rhizomes (Fig. 3A–C), regardless of whether the incuba-
tion was done with distilled water, water from the reference marsh,
or water from the marsh receiving wastewater effluent. Gas pro-
duction in the chambers filled with water from the marsh receiving
J.E. Bodker et al. / Aquatic Botany 127 (2015) 44–52 49
Fig. 3. Gas production volumes for five (5) substrates (A–E) and four (4) different kinds of incubation water. F is the experimental setup.
Fig. 4. The relationship between the % N or % P of the substrate and the % increase in
gas  production in the chambers filled with water from the marsh receiving partially-
treated sewage effluent water compared to chambers filled with water from the
reference marsh. A linear fit of the data is shown (R2 = 0.91 and 0.99 for % P and % N,
respectively; p < 0.05 in both cases). Only marsh substrates are shown.
effluent collected at 60 m from the effluent pipe were higher, but
marginally so, than with water collected 200 m from the effluent
source.
The increase in the gas production in the chambers filled with
water from the marsh receiving wastewater effluent was  calculated
as a percent of that in the chambers filled with water from the
reference marsh, and compared to the tissue content of the marsh
plants (i.e., the data in Fig. 4E for T. distichum are not included). The
percent increase was compared to the % N and the % P content of
the substrate (from Table 1) in Fig. 4. The pattern that emerges is
that gas production increases in a direct and linear fashion as the %
N or % P content of the substrate increases.
We interpret these results to conclude that water quality was  a
significant determinant of the rate of gas production, hence decom-
position rate. The concentration of some limiting nutrient was
higher in the partially treated sewage water compared to the water
from the reference marsh. Further, the quality of the substrate is a
significant factor determining gas production, e.g., the reduced gas
production for P. hemitomon mat  substrate compared to S. lancifolia
tubers or P. hemitomon rhizomes. We  conclude that gas produc-
Fig. 5. Gas production volumes for P. hemitomon incubated with different water
sources. DW = distilled water; CW = surface water from a reference marsh; N, P addi-
tions described in the text. The values are the mean ± 1 SE. The SE is covered by the
symbol in all cases. The differences between groups A, B and C at the end of the exper-
iment were significant (p < 0.01; Tukey–Kramer test, which includes the extension
by  Kramer to allow for unequal sample sizes).
tion in these experiments is limited by both intrinsic and extrinsic
factors.
3.3. Experiment 3: gas volume produced with different
amendments of nitrate, phosphate or nitrate ± phosphate (N, P or
NP)
The experiment was  stopped after 26 days and the results shown
in Fig. 5. The gas production in the chambers filled with water from
the reference marsh was always greater than in the chambers filled
with distilled water. Gas production was  higher in chambers filled
with reference water supplemented with N and P, than in chambers
filled with distilled water and the same amendment. Gas produc-
tion in chambers filled with water from the reference marsh and
supplemented with N + P was  equal to that of chambers filled with
only an N amendment (no P added), and 50% more than chambers
filled with only water from the reference marsh. Gas production in
chambers filled with water from the reference marsh and amended
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Fig. 6. The loss of tensile strength (% day−1;  ± 1 SE) at 10 cm intervals in the reference marsh and in the marsh receiving wastewater effluent for three different dates in
2010.  A. May; B. June; C. August.
Fig. 7. The loss of tensile strength (% day−1;  ± 1 SE; the SE is covered by the
solid circle) in cotton string with distance away from the pipe bringing wastewater
effluent to the marsh. A 2nd degree polynomial fit of the data is shown (R2 = 0.50).
with P was no greater than in a chamber filled with reference marsh
water and no P.
The primary result is a demonstration of water quality influenc-
ing decomposition rate. Some secondary observations are that N
amendments, not P, will result in increased gas production, hence
decomposition, and that the water from the references site, by
itself, has a positive effect on decomposition rates.
3.4. Experiment 4: cotton string decomposition
The loss in tensile strength averaged about 60% higher in
the wastewater effluent site compared to the reference sites in
May  and June, but not for the surface or bottom layer in August
2010 (Fig. 6A–C). The average tensile strength in 0–40 cm lay-
ers for the three months was 0.38 and 0.63% day−1, for reference
and effluent-treated sites, respectively. The difference in tensile
strength between reference sites and sites receiving wastewater
effluent was greatest closest to the source of the wastewater efflu-
ent source (0.95% day−1), and was negligible about 600 m away
from the source (Fig. 7).
4. Discussion
The results of each experiment support the conclusion that
decomposition was enhanced with nutrient additions: (1) the
weight of soil organic matter loss after 11 weeks was about 50%
higher when exposed to nutrient enrichment (Fig. 2); (2) gas pro-
duction was enhanced in all incubation chambers with nutrient
enrichments (5 different substrates) (Fig. 3A–E); (3) the addition
of nitrogen rather than phosphorus stimulates gas production in a
comparative assay of different nutrient additions (Fig. 4); (4) the
quality of the substrate (% N or % P content) is directly related to
increased gas production when the incubation chamber is filled
nutrient-enriched water (Fig. 5); and (5) cellulose decomposition
in the field is higher in marshes receiving wastewater effluent,
and the enhancement decreases with distance from the effluent
inflow (Figs. 6 and 7). These results are consistent with observa-
tions from other systems mentioned in the introduction, especially
Kominoski et al. (2015); Rosemond et al. (2015), Güsewell (2005);
and Rejmáková and Houdková (2006). We  therefore reject the null
hypothesis that nutrient addition has no effect on the decomposi-
tion rates of these organic soils.
The P. hemitomon mat  had the highest N:P ratio of the five sub-
strates used in second experiment, and also the lowest % P content
(Table 1), which might suggest that its decomposition rates could be
limited by the availability of P. But N, not P, was  the limiting nutri-
ent in the incubations testing for the relative significance of each
(Fig. 4). In addition, the enhancement of gas production rates when
exposed to water from the marsh receiving wastewater effluent
compared to marsh substrate incubated with water from the ref-
erence marsh was  the lowest of the four marsh-derived substrates.
Thus the most parsimonious explanation of the variation in the
enhanced decomposition rates with nutrient enrichment amongst
the four substrates is that decomposition rate is determined by
the substrate quality and nutrient availability at the time of the
experiments.
The nitrogen and phosphorus content of P. hemitomon tissues
varies enough to suggest that the decomposition rates could be
influenced by this intrinsic factor, as implied by the data in Fig. 5.
The range of the x axis, however, does not completely capture the
natural variability. For example, the 95% confidence limit of the % N
content in 50 vegetation samples taken across the Louisiana coast
was 2.1 ± 1.76 % (Chabreck, 1972).
The above results support the conclusion that both intrinsic
and extrinsic factors strongly influence the decomposition rates
of this P. hemitomon wetland substrate, and that nitrogen is the
primary factor limiting decomposition rates. If the substrate has a
higher % N content, then the addition of more N will result in even
higher decomposition rates, as suggested by the data pattern in
Fig. 5. Nutrient enrichments of P. hemitomon mesocosms (Mayence
and Hester, 2010) demonstrate that the % N and % P content in P.
hemitomon tissue will rise with eutrophication. That outcome will
result in a change in litter quality – the % N will be higher – and
decomposition rates will rise as a result.
The timing of this positive feedback on decomposition may
be delayed where there is a storage organ, i.e., rhizomes, or the
species composition changes. This delayed enhancement is, per-
haps, the reason why Holm (2006) found that the plant organic
matter in in-growth chambers placed in the soil was  less in the
nutrient-enriched containers only after two years. Güsewell (2002)
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conducted a variety of field experiments with lagged and overlap-
ping fertilization schemes (a cross-over design) whose responses
highlight how short-term experiments on nutrient limitation are
perhaps appropriate to learn about the direct effects on a spe-
cific plant, but also that multi-year experiments are necessary to
identify and measure the indirect effects on the system.
These experiments occurred over a month or two and, there-
fore, probably represented changes in the more labile material
in the organic matrix. Clearly there is recalcitrant material there,
because the basal peat is hundreds of years old. Godshalk and
Wetzel (1978) nicely documented distinct changes in the trajectory
of decomposition, which slowed over 6 months as labile material
decomposed first leaving more recalcitrant material remaining. The
amount of decomposition in our experiments was  significant, but
slowed after 1 month in one experiment (e.g., Fig. 2), while show-
ing signs of acceleration in another (e.g., Fig. 3). The effects of this
decomposition on soil strength might be significant, but remains
undocumented. Surely the precursor stage of decomposition is the
weakening of the mechanical strength of roots and rhizomes.
One purpose of the first experiment was to distinguish between
aerobic and anaerobic decomposition rates. We  bubbled the res-
piration chamber with air or nitrogen to create both conditions.
However, there was no significant difference between these two
treatments at any point in the experiment. We  believe that this sim-
ilarity may  be an artifact of a failure to achieve distinct aerobic and
anaerobic conditions rather than the two treatments having similar
rates of decomposition. Redox measurements taken at two points
in an experimental incubation showed only a slight difference in
redox potential, which was unexpected. We  think that the most
likely explanation of the ‘no difference’ in aerobic and anaerobic
treatments is that the oxygen was consumed too quickly, or sup-
plied in insufficient amounts, to achieve truly aerobic conditions
throughout the incubations.
The study site being used to treat partially – treated sewage
water is an open system – it is not an engineered structure that
allows for the controlled draining and filling, for quantification
of material flows, or measurement of pathogen development.
This particular approach to wastewater treatment has ‘relaxed’
state water quality standards (http://www.deq.state.la.us/portal/
DIVISIONS/WaterPermits/WetlandAssimilationProjects.aspx
accessed 10 March 2015) under the assumption that it will
function as designed. These assumptions and conditions are why
professionally-designed management systems are built as con-
structed wetlands with walls or dikes and defined entry and exit
portals. Vymazal (2011) reviewed 50 years of wetland treatment
systems and concluded that: “The growing knowledge about
wetland functions and values have caused a radical change of
attitude toward wetlands since the 1950s and the use of natural
wetlands for wastewater disposal decreased in some parts of the
world. Unfortunately, in some parts of the world the deterioration
of wetlands with wastewater still occurs. Natural wetlands are
still used for wastewater treatment under controlled conditions,
but the use of constructed wetlands is now preferred”. As demon-
strated here, there are potential problems with not following this
advice. The deliberate addition of nutrients, either directly as an
unconstrained wastewater assimilation system, or indirectly as
cultural eutrophication, appears to encourage further wetland loss,
not restoration. If the marsh is not there, then the denitrification
potential is zero, the potential carbon sequestration is negative,
and the habitat value is gone. The good news is nutrient loading
can be reduced with existing technologies and a change in societal
behaviors, especially if quality science is engaged with a coopera-
tive environmental management structure that has the authority
to act.
The marsh decomposition experiment (#1) was  designed and
executed by AT. The experimental set-up to measure gas produc-
tion in the 3.8 L chambers used for experiments #2 and #3 was
proposed and established by JEB, the experiment designed by JEB
and RET, the biomass prepared and laboratory data collected by JEB,
and the data analysis completed by RET. The manuscript drafts were
prepared by all authors. Doug Daigle (LSU), Jim Petersen (USGS) and
Scott Mize (USGS) kindly edited the ms.  to improve the grammar
and clarity. Support was  received from the NOAA Center for Spon-
sored Coastal Ocean Research, Coastal Ocean Program Grants No.
NA09NOS4780204 to Louisiana Universities Marine Consortium
and NA09NOS4780230 to Louisiana State University. This research
was also supported by a grant from the Gulf of Mexico Research
Institute to the Coastal Waters Consortium that is administered
by the Louisiana Universities Marine Consortium (LUMCON). The
financial sources had no role in the design or execution of the study,
data analysis, decision to publish, or manuscript preparation.
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